Abstract. Ranid frogs of the genus Amolops occur in Southeast Asia and are typically found near waterfalls. Their phylogenetic relationships have not been resolved. We include 2,213 aligned nucleotide sites of the 12S, 16S and tRNA val gene regions of the mitochondrial DNA genome from 43 individuals of Chinese and Vietnamese Amolops, Huia, Hylarana, Meristogenys, Odorrana and Rana. The outgroup species were from the genera Chaparana, Limnonectes, Nanorana, and Paa. The data were analyzed within the framework of a refutationist philosophy using maximum parsimony. Four clades of waterfall frogs were resolved. Meristogenys was not resolved as the sister group to either Huia nor Amolops. The hypothesis of evolutionary relationships placed Amolops chapaensis and Huia nasica in the genus Odorrana.
Introduction
The genus Amolops is a speciose group of ranid frogs that inhabit swift torrents and the splash zone of mountain cascades throughout Southeast Asia. In addition to their peculiar habitat, these frogs possess a suite of characters that further distinguish them from other ranid frogs. Rather than having the "typical ranid" shape reminiscent of the edible frog, Rana temporaria, these frogs are dorsoventrally depressed and equipped with drastically enlarged digital pads ( fig. 1a) . The larvae are also unique in having poison glands and a large gastromyzophorous adhesive disk (abdominal sucker), which the tadpoles use to affix themselves to the slippery surface of vertical rocks and boulders in the swiftly moving streams they inhabit (fig. 1b; Liu, 1950; Yang, 1991a) . When threatened or approached by predators, the tadpoles release their hold and escape by dropping into the roiling water below.
Amolops have been known to science since 1855 (Anderson, 1878 (Anderson, (1879 Dubois, 1992 ) and a considerable body of natural history information has been amassed. However, the phylogenetic relationships of Amolops remain obscure (Berry, 1966; Chen, 1991; Dubois, 1992; Inger and Voris, 1993; Liu and Yang, 1994a; Pan et al., 1985; Yang, 1991a) . This is partially due to the remote distribution of some of the species, as well as a taxonomic debacle that surrounds the description of the genus. In 1865, Cope erected the genus Amolops for Polypedates afganus Gün-ther (1858), a frog, which, despite its name and original type locality, is not found in Afghanistan, but in China (Anderson, 1871; Annandale, 1912; Boulenger, 1890; Cope, 1865; Günther, 1858 Günther, , 1858 Günther, (1859 ). In his description of the genus, Cope (1865) provided the following diagnosis:
"terminal phalanges short; transverse limb long; tongue without median inferior prominence; no dorso-lateral glandular folds; vomerine teeth." Unfortunately, Cope also described another genus, Staurois, on the same page with the similar sounding diagnosis:
"terminal phalanges slender; with short transverse limb; tongue with median inferior prominence; no dorso-lateral folds nor vomerine teeth; ethmoid widely separating prefrontals, and these from frontoparietals."
These two diagnoses were similar enough that when Noble (1929) dealt with tadpoles of Amolops, he managed to confuse them, using the genus name Staurois instead. His use of the name Staurois for this group was subsequently followed by numerous authors, further muddying the taxonomic waters for years (Bourret, 1942; Liu, 1950; Liu and Hu, 1961; Pope, 1927; Pope and Boring, 1940) . Inger (1966) presented a series of reasons to recognize Amolops as distinct from Staurois.
There have been several, recent attempts to elucidate the relationships of these frogs. Yang (1991a) undertook an analysis of the group using larval characters. He recognized three genera, Meristogenys, Huia and Amolops (Yang, 1991a) in a new ranid subfamily, Amolopinae (Yang, 1991a) . Dubois (1992) , in a revision of the ranid frogs, reduced Yang's genera to subgeneric status, and erected a fourth subgenus, Amo, for Amolops larutensis. However, most authors continue to recognize Yang's genera (Inger et al., 1999; Inger and Stuebing, 1997; Liu et al., 2000a; Liu and Yang, 1994b; Matsui et al., 1993; Zhao, 1995) . Pang and Liu (1992) pursued a phylogenetic analysis of Chinese Amolops. Unfortunately, their study was limited by a paucity of variable characters making their conclusions questionable. Chen et al. (in press ) examined the phylogenetic relationships of Asian ranids within a rigorous phylogenetic framework. Their study confirmed that Yang's separation of Huia from Amolops was justified. However, the monophyly of amolopine frogs was called into ques- Recently, a number of new species of Amolops have been described (Inger and Kottelat, 1998; Inger et al., 1999; Liu et al., 2000a) . Because of the existing uncertainty about the relationships and groups of amolopine frogs, we investigated the phylogenetic relationships of several species using mtDNA sequence data.
Materials and methods

Specimens examined
In total, 22 individuals of amolopine frogs representing 16 of 34 species of Amolops, from China and Vietnam were sequenced for this study. Additionally, 14 specimens of Amolops, Meristogenys, and Huia from GenBank were included in the study. To further test the monophyly of the Amolopinae, three specimens of Hylarana, five specimens of Odorrana, and two specimens of Rana were included as ingroup taxa. The ranid frogs Chaparana fansipani, Limnonectes blythi, L. cancrivorus, Nanorana parkeri, N. pleskei, and Paa yunnanenis served as outgroup taxa. Locality and voucher data for all specimens examined are presented in table 1, and on the map in fig. 2 . Tissue samples were either frozen or ethanol preserved heart, skeletal muscle, or liver. Voucher specimens are preserved in the Royal Ontario Museum (ROM) and the Kunming Institute of Zoology (KIZ).
DNA amplification and sequencing
Segments of two ribosomal RNA genes, 12S and 16S, and the tRNA Val gene, from the mitochondrial genome were selected to reconstruct the phylogeny of species, and the genealogies of the females from species where multiple specimens were available. Protocols for DNA extraction and PCR amplification of the gene segments follow Liu et al. (2000b) . These mitochondrial gene regions were amplified using the primers in table 2. Double stranded DNA was sequenced directly using 33 P labeled ddNTP cycle sequencing (Amersham).
Sequence data for all specimens belonging to Hylarana, Meristogenys, Odorrana, Rana, and the outgroup were obtained from GenBank, as well as two specimens of A. spinapectoralis, one specimen each of A. cremnobatus, A. hongkongensis, A. loloensis, A. mantzorum, A. ricketti, A. wuyiensis, and Huia nasica (table 1) .
DNA sequence analysis
Sequences were entered into BioEdit (ver. 5.0.9, Hall, 2001) for assembly, aligned with the computer algorithm Clustal W (ver. 1.6, Thompson et al., 1994) and subsequently adjusted by eye. Potentially phylogenetically informative sites were retained for analysis using PAUP* (ver. 4.0b10 Swofford, 2003) .
All characters were evaluated as unordered because there is no a priori reason to assume order of evolutionary change between nucleotide bases (Swofford et al., 1996) . Character covariation was evaluated using the global permutation tailed test (PTP, Faith, 1991) . The data were analyzed within a refutationist framework using a maximum parsimony methodology. The maximum parsimony analysis using PAUP* employed an heuristic search, with random addition sequence, 50 replicates, retaining minimal trees only, using tree bisection-reconnection branch swapping with steepest descent and collapsing zero length branches. Ratios of transitions to transversions were calculated in MacClade (ver. 4.0.5; Maddison and Maddison, 2002) .
Nodal support was assessed for the data sets. Bootstrap proportions (BSP, Felsenstein, 1985) , using 1,000 replicates, and Decay Indices (DI, Bremer, 1988; Bremer, 1994) were calculated in PAUP*.
Results
Sequence variation
Nucleotide composition of the individual and combined gene sequences is summarized in table 3. A total of 2213 bp were resolved and aligned. Of these sites, 1172 (53.0%) were variable and 887 (40.1%) were potentially phylogenetically informative. The transition to transversion ratio was calculated across the MPT and found to be 1.63:1.
A total of 607 aligned base pairs from the 12S rRNA gene and 1548 base pairs from the 16S ribosomal RNA gene were sequenced. Of these, 294 (48.4%) and 835 (53.9%) were variable, and 215 (35.4%) and 639 (41.3%) were potentially phylogenetically informative. The transition to transversion ratios for the 12S and 16S rRNA gene regions were found to range from 1.79-1 and 1.45-1, respectively. Of the intervening 58 base pairs of the tRNA Val , 43 (74.1%) were variable and 33 (56.9%) were potentially phylogenetically informative.
Phylogenetic analysis
Analysis of the combined data, excluding uninformative characters, yielded a single most parsimonious tree ( fig. 3 ) of 4,991 steps in length (CI = 0.33, RI = 0.62). The ingroup was comprised of six clades. The two specimens of Meristogenys fell out together as the sister clade to Hylarana plus the remaining ingroup taxa. Rana pipiens and R. johnsi formed the sister group to a clade consisting of a paraphyletic Odorrana, Amolops chapaensis, and the five specimens of Huia nasica. This group was, in turn, the sister group to a monophyletic Amolops. Within Amolops, there were two distinct clades. Within the first clade, the type species of the genus A. marmoratus was found to be the sister to the specimens of A. cremnobatus. These two species then fell out as the sister group of a clade of Chinese Amolops from Sichuan and Yunnan. The second clade consisted of the Vietnamese A. spinapectoralis plus a clade of Chinese species from Fujian, Guang- Additionally, if all species of Huia branch off within Odorrana, the evolutionary significance of the larval gastromyzophorous disc used to diagnose amolopine frogs (Yang, 1991a) will form an interesting puzzle. Because the structure is not known from tadpoles of Odorrana (Fei, 1999) its presence in larval Huia requires a separate evolutionary origin or several independent losses since they shared a common ancestor with Amolops. The hypothesis of and independent origin of the gastromyzyphorus disc is further supported by the placement of Meristogenys. Since the tadpoles of Hylarana erythrea, H. lateralis, H. maosonensis, Rana johnsi, and R. pipiens are known and all lack this structure.
A set of relationships within Amolops was proposed by Pang and Liu (1992) . However, their phylogenetic analysis was not particularly successful because only nine characters were used to elucidate relationships among 14 taxa, and four of these were identical with respect to their character states. One node not resolved by the data was arbitrarily split, and paraphyletic species groupings, A and B, were identified ( fig. 4) . When we reevaluated their data using maximum parsimony, 99 most parsimonious trees were found. A strict consensus tree of these resembles the tree they presented (fig. 4) . The terminal relationships in their tree are consistent with those found in this study. Both analyses resolved A. hainanensis and A. torrentis as sister taxa, and A. daiyunnensis as sister to them. However, the lack of resolution and the limited number of taxa employed in their study do not allow for further comparison.
Potential conflict exists with the classification of Yang (1991a) . He synonymized A. hongkongensis with A. daiyunnensis because they were similar in all characters examined except size, which showed some overlap. In contrast, Fei (1999) removed A. hongkongensis from synonymy with A. daiyunnensis without discussion. Our study supports Fei's recognition of the two species as evidenced by a 14.9% pairwise sequence divergence, a genetic difference that is more than triple that of some putative species (e.g. A. lifanensis and A. granulosus, 1.5%). While this percent divergence is not justification in its own right for the recognition of A. hongkongensis, it does suggest that the two taxa may well be evolutionarily diverging or separate, and that further investigation is warranted.
Conclusion
This study provides a historical perspective for future character evolution analyses. Further resolution and clarification of amolopine relationships may be obtained by broadening the geographic and taxonomic scope, especially by additional species of Amolops, Meristogenys, and Odorrana. An expanded data set will serve to test Dubois' (1992) claim that Yang's three amolopine genera form a monophyletic grouping, a hypothesis challenged here and by Chen et al. (in press ).
Further investigation is also required with regards to cryptic species and phenotypic plasticity in this genus. Specifically, the extent of genetic divergence between A. daiyunnensis and A. hongkonensis, and the morphological diversity of specimens of the ricketti complex raise interesting questions about species boundaries.
There are two important future directions of research to pursue. The first would be to use nuclear markers, such as allozymes and microsatellites, to investigate fixed differences. Nuclear gene data would allow an evaluation of the extent of gene flow between the nominate form of A. daiyunnensis and the Hong Kong form (A. hongkongensis). Another project that needs to be undertaken is the sampling of additional morphological characters to better determine the range of phenotypic plasticity within taxa. Only then will it be possible to act on the results of this study with confidence, identify cryptic species and develop a stable taxonomy.
